One emerging model for the development of drugresistant tumors utilizes a pool of self-renewing malignant progenitors known as cancer stem cells (CSCs) or cancerinitiating cells (CICs). The purpose of this study was to propagate such CICs from the ovarian cancer cell line SKOV3. The SKOV3 sphere cells were selected using 40.0 mmol/l cisplatin and 10.0 mmol/l paclitaxel in serumfree culture system supplemented with epidermal growth factor, basic fibroblast growth factor, leukemia inhibitory factor, and insulin or standard serum-containing system. These cells formed non-adherent spheres under drug selection (cisplatin and paclitaxel) and serum-free culture system. The selected sphere cells are more resistant to cisplatin, paclitaxel, adriamycin, and methotrexate. Importantly, the sphere cells have the properties of selfrenewal, with high expression of the stem cell genes Nanog, Oct4, sox2, nestin, ABCG2, CD133, and the stem cell factor receptor CD117 (c-kit). Consistently, flow cytometric analysis revealed that the sphere cells have a much higher percentage of CD133
Introduction
Ovarian cancer is one of the leading causes of death among gynecologic malignancies. Optimal cytoreductive surgery followed by systemic chemotherapy with paclitaxel and cisplatin is the current standard therapy for metastatic ovarian cancer at diagnosis, with a reported response rate of over 70%. However, the overall 5-year survival rate is only 15 -30% [1, 2] . One of the most important causes of failure in ovarian cancer treatment is the development of resistance to paclitaxel-and platinum-based chemotherapy [3] .
There are several mechanisms by which cancer cells can become resistant to chemotherapeutic agents, such as the mutation or overexpression of the designated drug target, as well as the activation of pathways to inactivate or eliminate the drugs from the cells [4] . In the past, these processes were attributed to the fact that certain cells in the cancerous population had acquired changes that conferred drug resistance and hence a selection advantage, eventually generating a new tumor population resistant to chemotherapy. One emerging model for the development of drug-resistant tumors invokes a pool of self-renewing malignant progenitors known as cancer stem cells (CSCs) or cancer-initiating cells (CIC) [5] . In the light of the CSC hypothesis, the fundamental property of CSCs is to be resistant to chemotherapy because of their stem cell properties, mainly their quiescence and the expression of drug membrane transporters (e.g. ABCG2). Due to these features, CSCs can survive the therapeutic regimen and regenerate the tumor. The existence of CSCs implies the presence of a small pool of slowly cycling cells that carry intrinsic resistance to chemotherapy or develop mutations and are selected during the course of chemotherapy to generate progeny chemoresistant cancer cells [6] .
In ovarian cancer, Bapat et al. [7] isolated two clones from patient ascites that took on anchorage-independent, spherical structures (spheroids) in culture. These clones formed xenografts in nude mice, with a histopathology similar to the parental human tumors, underwent serial propagation in animals, and expressed the stem cell factor receptor CD117 (c-kit), a well-known proto-oncoprotein. Szotek et al. [8] identified side population (SP) cells from two distinct genetically engineered mouse ovarian cancer cell lines. These SP cells comprised membrane transporterexpressing putative stem cells, and were highly tumorigenic in mice compared with non-SP cells. In a recent report, Zhang et al. [9] isolated and characterized ovarian CSCs from primary human ovarian tumors, and found that the injection of 100 CD44 þ CD117 þ cells into nude mice propagated the original tumors.
Here, it is shown that cancer stem-like cells are present in the human ovarian cancer cell line SKOV3. With drug selection and under the stem cell culture condition, the spherical cells display stem cell properties and the characteristics of drug resistance. This is considered to be a valuable model for the further study of both CSCs and chemoresistance.
Materials and Methods
Cell culture and drug selection The SKOV3 ovarian cancer cell line was obtained from Shanghai Cell Bank of Chinese Academy of Sciences and maintained in McCoy's medium (Sigma-Aldrich, St Louis, USA) supplemented with 10% fetal bovine serum (FBS). Cells were incubated at 378C in a humidified atmosphere containing 5% CO 2 . After grown to 80% confluence, these cells were treated with 40.0 mmol/l cisplatin and 10.0 mmol/ l paclitaxel for 7 days [10] . Then cells were dissociated by 0.02% trypsin-EDTA for 1-2 min at 378C and maintained under stem cell conditions [11] by serum-free DMEM/F12 supplemented with 5 mg/ml insulin (Sigma-Aldrich), 10 ng/ ml human recombinant epidermal growth factor (EGF; Invitrogen, Carlsbad, USA), 10 ng/ml basic fibroblast growth factor (bFGF, Invitrogen), 12 ng/ml leukemia inhibitory factor (LIF; Gibco, Paisley, USA) and 0.3% bovine serum albumin (BSA; Sigma-Aldrich). The selected cancer cells formed non-adherent spheres grown in this condition. The medium were changed every 2 days by centrifuging at 800 rpm for 5 min to remove the dead cell debris. Regular cell culture plates were used for the experiment.
Sphere formation assay
The floating sphere cells were dissociated by incubation with 0.02% trypsin-EDTA for 1-2 min at 378C and 100 cells per well were plated in 96-well culture dishes in 200 ml of growth medium; 25 ml of medium per well was added every 2 days. The number of dissociated spherical cells for each well was evaluated after 7-day culture. 2 expressing cells using mouse anti-CD133 (1:200; Cell Signaling, USA); and rat anti-CD117 (1:200, Boshide, Wuhan, China) monoclonal antibodies in PBS with 2% normal serum (1 h at room temperature). Slides were washed with PBS for 5 min and incubated in dark at room temperature for 30 min with Rodamine-conjugated goat anti-mouse IgG (against anti-CD117; Invitrogen) and FITC-conjugated chicken anti-rat IgG (against anti-CD133, Oct-4, or Nanog; Invitrogen). Positive control cells were stained for each antibody in parallel, and negative controls were performed by substituting for the primary antibodies with mouse Ovarian cancer stem-like cells in SKOV3 cell line non-specific IgG. Nuclei were counterstained with Hochest33342. Fluorescence microscopy was performed (Nikon E800 fluorescent microscope fitted with FITC and Rodanmine filters), and images were acquired digitally using MagnaFire Software (Optronics, Goleta, USA).
Flow cytometric analysis
The expression of a panel of CD133 and CD117 markers was distinctly evaluated on cells obtained from SKOV3 sphere cells or from SKOV3 cells. A total of 1 Â 10 6 cells were suspended in 2% BSA/PBS and labeled with anti-CD133, anti-CD117, and Rodamine-and FITC-labeled secondary antibodies.
2 cells was performed using a FC500 flow cytometer (Beckman Coulter, USA) and analyzed by Beckman Coulter CXP software.
In vivo xenograft experiments
All animal studies adhered to the protocols approved by the Institutional Animal Care and Use Committee of Shanghai Jiao Tong University, Shanghai, China. The dissociated spheroid SKOV3 cells or SKOV3 cells were counted, resuspended in 40 ml PBS, and injected s.c. into the two sides of flanks of 3-4-week-old female nude athymic mice (BALB/c-nu/nu; Harlan). Engrafted mice were inspected biweekly for tumor appearance by visual observation and palpation until the tumor formed. Mice were sacrificed by cervical dislocation at a tumor diameter of 1 cm. Xenograft tumors were resected, fixed in 10% phosphate-buffered formalin, and embedded in paraffin for sectioning (5 mm) on a rotary microtome, followed by slide mounting, H&E staining, and histological assessment by a pathologist for tumor type and grade.
cDNA microarray analysis Total RNA was labeled according to Low RNA Input Fluorescent Linear Amplification kit (Agilent, Santa Rosa, USA). Cy3-dCTP or Cy5-dCTP was incorporated when 5 mg of total RNA was reverse-transcribed into cDNA. The cDNA probes from the SKOV3 sphere cells were incorporated with Cy3, while those from SKOV3 cells were incorporated with Cy5. Different fluorescently labeled cDNA probes were mixed in 30 ml of hybridization buffer (3Â SSC, 0.2% SDS, 5Â Denhardt's solution, and 25% formamide) and applied to the microarray following incubation at 428C for 16 h. After hybridization, the slide was washed with 0.2% SDS/2Â SSC at 428C for 5 min, and then was washed with 0.2Â SSC at room temperature for 5 min. The fluorescent images of the hybridized microarray were scanned with a Whole Human Genome 4 Â 44 microarray scanner system (Agilent). Images and quantitative data of the gene-expression levels were analyzed by Agilent's Feature Extraction (FE) software, version 10.0 (Agilent).
Statistical analysis
Data are present as the mean + SD. Student's t-test was performed to evaluate the difference between mean values. P , 0.05 was considered statistically significant. All experiments were performed in triplicate.
Results
Sphere cell formation by drug selection and stem cell selection from an SKOV3 cell line The method of stem cell-selective culturing condition was derived from the culturing of both neural and mammary gland stem/progenitor cells [12 -14] . In 2005, Ponti et al. [15] first reported that breast tumorigenic cells with stem/ progenitor cell properties could be propagated in vitro as non-adherent mammospheres under stem cell culture conditions. In the present study, we attempted to isolate a selfrenewing stem cell population from the SKOV3 cell line. The SKOV3 cell line was obtained from human ovarian serous adenocarcinomas of Grade 2/3 and was cultured with McCoy's medium supplemented with 10% FBS and 2 mM L-glutamine [ Fig. 1(A) ]. The SKOV3 cells could not be maintained and failed to form non-adherent spheres under serum-free condition. We decided to select cells at a concentration of 40.0 mmol/l cisplatin and 10.0 mmol/l paclitaxel for 7 days. We also performed selection at higher concentrations of cisplatin and paclitaxel, but no cells survived under this selection pressure. The cells selected with cisplatin and paclitaxel were then enzymatically detached and the resulting single-cell suspension was plated in serum-free medium supplemented with EGF, bFGF, insulin, and LIF. The formation of sphere cells could be observed in Day 3 after plating [ Fig. 1(B) ]. These cluster cells were small, non-adherent, and non-symmetric. Primary spheres could be enzymatically dissociated to single cells, which in turn give rise to secondary spheres. This procedure could be repeated, and the sphere grow faster than the cells under differentiating conditions (Fig. 2) .
The SKOV3 sphere cells have characteristic of stem cell and drug resistance properties The stem/progenitor cell phenotype of the SKOV3 sphere cells was further confirmed by the expression of putative stem cell markers. The real-time qPCR showed that the expressions of Nanog, Oct4, sox2, nestin, CD133, CD117, ABCG2 in SKOV3 sphere cells were higher than those in SKOV3 cells [ Fig. 3(A,B) , P , 0.05]. To determine the protein expression of Oct-4 and Nanog in SKOV3 sphere cells, the immunofluorescence assay was performed. The staining of Oct-4 [ Fig. 4(A-D) ] and Nanog [ Fig. 5(A-D) ] was observed in SKOV3 sphere cells. In contrast, the expressions of Oct-4 and Nanog could not be detected in the SKOV3 cells under differentiating condition (data not shown). To examine whether self-renewing sphere cells possess a hypothesized chemoresistant phenotype of the CSCs, we assessed the sensitivity of the sphere-forming cells or the differentiated cells to a panel of drugs commonly used in chemotherapy. We found that the SKOV3 cells under differentiating conditions were sensitive to different concentrations of cisplatin and paclitaxel, as well as adriamycin and methotrexate. In contrast, SKOV3 sphere cells under stem cell conditions exhibited higher resistance to chemotherapeutic drugs, with higher survival rates (60-70%) (Fig. 6, P , 0.01) .
Presence of CD133 and CD117 proteins on the surface of SKOV3 sphere cells To determine the presence of CD133 and CD117 on the surface of SKOV3 sphere cells, we performed immunofluorescence and flow cytometric analyses. The SKOV3 sphere cells were stained positively for both CD133 and CD117 (Fig. 7) . In contrast, the SKOV3 cells under differentiating condition stained positively only for CD133, with undetectable CD117 staining (data not shown). Consistent with the immunofluorescence analysis, the flow cytometric analysis showed a high percentage of CD133 þ /CD117 þ -positive cells in the SKOV3 sphere cells (71%) compared with SKOV3 cells (33%) (Fig. 8, P Table S2 ). All subcutaneous xenograft tumors derived from sphere cells or differentiated cells were categorized as serous adenocarcinoma of Grade 2/3, which was the original tumor phenotype of the SKOV3 cell line (Fig. 9) .
Differences in genetic expression between the SKOV3 sphere cells and SKOV3-differentiated cells To further investigate the differences between the SKOV3 sphere cells and SKOV3 cells, the gene expression profile was analyzed with Agilent human cDNA microarray analysis. As a result, there were 3487 genes that displayed a more than 2-fold difference in expression, with 2448 genes upregulated and 1039 genes downregulated. Approximately 170 of the differentially expressed genes exhibited a greater than 10-fold change, of which 74 genes were decreased and 96 genes were increased. Some of the identified genes were then assigned to a functional class using the GeneSpring GX 10 (Agilent) gene ontology annotation tool (Supplementary   Table S3 ). Subsequently, ontological analysis revealed that a large proportion of the classified genes were related to angiogenesis, extracellular matrix, integrin-mediated-signaling pathway, cell adhesion, and cell proliferation. 
Discussion
CSCs have five separate criteria which permit consistent isolation, including (a) self-renewal capacity, (b) comprise a small minority of the total tumor population, (c) reproducible tumor phenotype, (d) multipotent differentiation capacity into non-tumorigenic cells, and (e) a distinct cell surface antigenic phenotype [16] . CSCs have been found not only in patient tumor samples, but also in immortalized cell lines and long-term culture cancer cells [17] [18] [19] . Using the SP technique, Patrawala et al. reported that 30% of cultured human cancer cells possessed a detectable SP. Purified SP cells from certain cell lines were more tumorigenic than the corresponding non-SP cells. These SP cells also possessed intrinsic stem cell properties and expressed some of the characteristic stem cell genes. The SP-enriched stem cells were found to be rare, comprising a range of 0.04-0.2%. They also detected the SKOV3 cell line and the SP rate in SKOV3 cells to be 0.05% [20] . These data suggested that these cell lines, even in longterm tumor cell cultures, or under different conditions for years or even decades, still possessed a small population of tumorigenic cells. Here we determined whether we could use a simple method to enrich this small population of tumorigenic cells from the ovarian cancer cell line SKOV3. In this report, we used drug selection and stem cell culture conditions to isolate a highly tumorigenic subpopulation of cells from the human ovarian adenocarcinoma cell line, SKOV3. Whereas others have obtained tumorigenic cells from ovarian cancer patient ascites and tissues [7, 9] , this is the first described isolation of cancer stem-like cells from the SKOV3 cell line.
Applying continual or multi-step drug selection at low or high concentration to establish multidrug-resistant cancer cell lines is an important tool for understanding ABC transporter function. Calcagno et al. [19] reported that cancer cells selected by low-dose Doxorubicin with single step overexpressed the ABCG2 drug transporter through epigenetic modification. We selected SKOV3 cells under the concentration of cisplatin (40.0 mmol/l) and paclitaxel (10.0 mmol/l), then maintained these cells under serum-free stem cell conditions. These sphere cells were more tumorigenic than the wild-type cells and possessed certain intrinsic properties of stem cells such as selfrenewal and the overexpression of stem cell genes. Furthermore, these sphere cells were more resistant to other chemotherapeutic drugs, such as adriamycin and methotrexate. Resistance to toxic agents is one of the most important biological characteristics of CSCs [20, 21] , and the sphere cells selected by cisplatin and paclitaxel possessed such a defense against cytotoxic effects.
The CD133 antigen, a 120-kDa membrane glycoprotein encoded by the CD133 gene (also called the Prom-1 gene), was first detected in CD34 þ hematopoietic stem cells [22, 23] . In ovarian cancer, Szotek et al. [8] reported that both 'side population' and 'non-side population' of genetically engineered mouse ovarian cancer cells (MOVCAR 7 and 4306) do not express the CD133 antigen. Similarly, Olempska et al. [24] failed to detect CD133 in human SKOV3 ovarian cancer cells. Ferrandina et al. [25] reported the presence of CD133-1-and CD133-2-expressing cells in a large series of ovarian tissues, and they also found that CD133 þ ovarian tumor cells exhibited higher clonogenic efficiency and more extensive proliferative potential compared with CD133 2 cells. Moreover, CD133 þ ovarian cancer cells have been recently shown to exhibit enhanced resistance to platinum-based therapy, and to form more aggressive tumor xenografts at a lower inoculum than their CD133 2 progeny [26] . In our study, CD133 were detected both in the SKOV3 sphere cells and wild-type cells by immunofluorescence, while the quantitative real-time PCR results showed that SKOV3 sphere cells overexpress CD133 under drug selection and stem cell conditions, compared with the SKOV3 cells under differentiating conditions.
The stem cell factor c-kit (CD117) encodes a transmembrane tyrosine kinase growth factor receptor. c-Kit expression was reported in both human and mouse undifferentiated embryonic stem cells, with a role in maintaining their undifferentiated state and a correlation with functional measures of their pluripotency [27, 28] , c-Kit is also a proto-oncogene. Its expression was detected in several hematological malignancies and solid tumors to various extents ranging from 2.3 to 100% in clinical samples from patients. In ovarian serous carcinoma, c-Kit was only expressed in high-grade poorly differentiated tumors, and was absent in low-grade well-differentiated tumors, suggesting a correlation with malignant progression [29] . Similarly, in the invasive ductal carcinoma type of breast cancer, c-Kit overexpression was almost exclusively expressed in the undifferentiated tumors with 'stem cell like' features [30] [31] . Further study is needed to identify the tumorinitiating capacity of CD133 þ CD117 þ cells compared with
2 cells. Efforts were focused on analyzing the altered gene profile in SKOV3 sphere cells and SKOV3 cells, using cDNA microarray analysis. As a result, the analysis showed that 3487 genes had more than 2-fold difference in expression. Approximately 170 of the differentially expressed genes change more than 10-fold, of which 74 genes were decreased and 96 genes increased. Through functional clustering of the differentially expressed genes, a large proportion of the classified genes were found to be related to angiogenesis, extracellular matrix, integrinmediated-signaling pathway, cell adhesion, and cell proliferation. While SPARC, MFAP5, EFEMP1, FN1, COL4A2, SPOCK1, CTGF, PAPLN, MATN2, ADAMTSL4 decreased, VEGFA, SMC3, ECM1, SMOC1, SPOCK2, TIMP1, ANG, TIMP4, MMP2, OGN, ADAMTS4, COL11A2, TNC, COL17A1, PI3, MMP9, DST, LUM, COL3A1, MMP1 increased. Several potential targets detected in this study warrant further investigation.
In conclusion, the CSCs isolated from the SKOV3 cell line, which form non-adherent spheres and display remarkable stem/progenitor cell properties, have higher drug resistance character and are more tumorigenic. Cell lines are a useful tool to analyze molecular cell markers and cellular behavior under controlled experimental conditions. Isolation of this subpopulation from the SKOV3 cell line afford a suitable in vitro model for identifying and understanding the basic genotype, gene-expression profiles. Moreover, the identification of ovarian CSCs will be beneficial for investigating the mechanism of their survival, self-renewal, and chemoresistance, and developing potential therapeutic drugs, like anti-CD133 and anti-CD117, which specifically target ovarian CSCs. Further studies will focus on evaluating the relevance between the sphere cells and the differentiated cancer cells, analyzing the phenotypic/genotypic characterization of these sphere cells thoroughly, which would be required for truly understanding the criteria of CSCs.
